Abstract: The fabrication and nonlinear optical imaging of $5-nm-sized lead sulfide (PbS) nanoscale particles prepared in a water-soluble polymer matrix is reported. The two photon excitation fluorescence (TPEF) studies (using Ti:Sapphire laser, ex $ 706 nm, P ¼ 400 mW, pulse $80 fs) clearly show the foremost band-edge and asymmetric traprelated emissions. The chain-like organization of PbS nanoparticles was evident from the electron microscopy studies, and the impression from a cluster of nanopatterns was observable through laser scanning confocal microscopy. We have observed adequate correspondence between the TPEF spectra-based nonlinear optical images and spots corresponding to PbS nanoparticle assemblies. In addition, the PbS nanoparticles that are capable of producing strong second harmonic signals were efficiently imaged along the forward direction of the nonlinear microscopy. Investigation of two photon absorption processes along with the second-harmonic-generated imaging indicates the possibility of using the nanoscale particles in single molecule fluorescence spectroscopy, biomolecular labeling, and/or imaging applications.
Introduction
In recent years, there has been a great deal of research interest in nanoscale narrow band gap semiconductors owing to the scope of tunable emission over a wide electromagnetic spectrum and the possibility of coupling with wide bandgap systems. Lead sulfide (PbS) is a narrow bandgap (E g $ 0:41 eV at 298 K) semiconductor system with comparable electron and hole effective masses (m e ¼ 0:22 m 0 ; m h ¼ 0:29 m 0 ), with m 0 being the rest mass of the free electron. As a semiconductor, its attraction lies in its large excitonic Bohr radius ða B $ 18 nmÞ, as compared with other binary compounds [1] . Since the energy gap increases with decreasing crystallite size, nanoscale PbS could provide maximum tunable energy gap (nearly 10-fold value), compared with its bulk counterpart [2] . Further, PbS displays a broad emission response near the telecommunication wavelength ð$1:56 mÞ. This emission response endows it with immense technological importance for application in fiber optic communication devices [3] . It has been predicted that the PbS nanoparticles can be employed in the fabrication of infrared (IR) sensors and detectors [4] . PbS quantum dot doped glasses could also be used as saturable absorbers for solid state lasers [5] . Schmitt-Rink et al. have argued that the resonant nonlinear optical properties would be strongest for the nanocrystals of size ðRÞ smaller than the bulk Bohr excitonic radius [6] . As PbS nanoparticles in the strong quantum confinement limit can be suitably fabricated with advanced synthesis protocols, it is better opted for various studies in the said regime. Nanoscale materials, in the strong confinement regime, could display resonantly enhanced optical nonlinearities and, thus, can become potential candidates for fast optical switching and information processing [7] . In order to use such quantum confined solids for lasing, frequency modulation, and bioimaging purposes, it is extremely important to explore upconversion of light, harmonic generation, and saturation absorption characteristics [8] . A pump laser can induce transient asymmetry in a molecular system that is capable of producing second-order nonlinear optical phenomena like second harmonic generation (SHG) [9] , [10] . In a nanoscale PbS system, the noncentrosymmetry can be induced momentarily, leading to the excitation of dipoles that would oscillate in a way to give rise to SHG. The relaxation to the ground state from the excited states can be accompanied by the radiation of photons with frequency doubled. As far as nonlinear optical studies are concerned, earlier researchers have used either z-scan method [11] or four wave mixing technique [12] to determine nonlinear refractive index (consequently, nonlinear susceptibility) and in order to assess the figure of merit of the nonlinear device. Conversely, much attention has not been given to imaging fluorescent nanoparticles by direct excitation or via two photon excitation processes. Traditional fluorophors, e.g., organic dyes and fluorescent proteins, are limited by their narrow absorption range and broad emission spectra along with weak photostability. Observation of fluorescence from single PbS quantum dots using confocal microscopy [13] and water-soluble PbS quantum dots for in vivo biological imaging [14] that absorb and emit in the near-IR regime have been reported. Here, we discuss two photon absorption events and corresponding nonlinear optical imaging of surface passivated PbS nanocrystals using confocal laser scanning spectroscopy with Ti:Sapphire as the excitation source. A correlation of excited nanoparticles and spots depicting particle assemblies has also been highlighted.
Experimental Details: Materials and Methods
Over the years, glass [15] , zeolite [16] , and polymers [17] have been used by different workers to protect nanoparticles from agglomeration. Polymers are generally used as stabilizers, which controls the growth of nanoparticles inside the matrix. Acetonitrile is an organic solvent having a lone pair of electrons which forms a dative bond to the lead ions at the nanoparticle surface [18] . The effect of the bond strength to the nanoparticle surface can be ascertained by comparing the properties of the sulfur and nitrogen-bonded samples. Here, first, 5% polyvinyl alcohol (PVA) solution was prepared in the dark, and then, 0.1 M PbCl 2 solution was added to it with a matrix-toaq. PbCl 2 volume ratio of 2 : 1, followed by vigorous stirring ($200 rpm) for 2 h. Then, drop wise injection of Na 2 S in acidic medium was allowed until the precursor turned faint brown. During the reaction, GR-grade Acetonitrile was added to the above solution simultaneously. In this way, the PbS nanocrystals were encapsulated in a water-soluble dielectric media (PVA), while effective surface passivation was achieved by treatment with acetonitrile. The particle size and morphology are revealed from transmission electron microscopy (TEM), whereas nonlinear optical studies were carried out by laser scanning confocal microscopy.
Confocal microscopes allow only the signals from the focal plane for imaging and rejects all signals coming from planes beyond the focal plane, and thus, in-focus detail can be efficiently imaged through optical sectioning of planes [19] . A scheme of laser scanning configuration is shown in Fig. 1 . For imaging based on two photon excitation fluorescence (TPEF) and SHG, we have used a confocal spectral laser scanning microscope (Model: Leica TCS SP) of power 400 mW. The objective has a magnification of 10Â with 0.37 NA. We have used the IR port on the microscope for images corresponding to multiphoton excitation. The excitation source was a 80 fs pulsed, 80 MHz, Tsunami Ti:Sapphire laser, tunable in the range 700-850 nm but stabilized at $706 nm for the purpose of our experiment. For the multiphoton excited fluorescence, we collected the optimum signal in the epi-direction (the backscattered signal) by appropriate pinhole adjustment. In SHG microscopy, the signal was collected in the forward direction i.e., along the direction of the incident beam (see Fig. 1 ).
While using the spectral confocal scanning microscope, the detector was first set for detecting at one wavelength, and then, the microscope was allowed to scan over a complete image frame of an optical section fixed at a particular depth to image the sample's fluorescence for the corresponding wavelength. Subsequently, the next fluorescence images from the same image-frame were detected by setting the detector to detect at consecutive wavelengths separated by a difference of 4 nm. Although the microscope had the provision for scanning image frames at different regions of the same optical section or another optical section at different depths of the sample, the images described in this work were taken at the same region for one particular optical section.
Results and Discussion
The transmission electron micrograph of synthesized PbS nanoparticles is shown in Fig. 2 . It depicts the formation of quasi-spherical nanoparticles, a narrow size distribution with an average nanoparticle size of $5 nm and size dispersion of 4:3 Â 10 11 =cm 2 . The particles are found to be unclustered and are in isolation from each other. The faint dark impressions are believed to be the image contrast of the nanoparticles lying on the underneath planes. Occasional instances of chain-like arrangements have also been noticed and are shown by arrow marks. Formation of such organized arrays is assigned to the interparticle interaction, owing to the unequal charge distribution, resulting in a strong dipole-dipole interaction for particles of varied sizes [20] . In addition, acetonitrile could have been strongly adsorbed on to the nanoparticle surface through its lone pair electron on the nitrogen, which has resulted in dominant surface passivation compared with dissolution [21] . Note that, in case of nanoparticle synthesis without acetonitrile treatment, we have not observed chain-like patterns [see Fig. 2(b) ]. Earlier, it was known that acetonitrile is a polar, water soluble, and weakly reactive compound which is extensively employed as a displaceable ligand [22] . The nanoparticle surface containing dangling or unsaturated bonds can be passivated efficiently in view of the presence of lone pair of electrons located at the N-site of the acetonitrile (see Fig. 3 ). PbS quantum dot pairing as a result of charge manifestation events has been reported by our group only recently [23] .
It is known that the TPEF is associated with the simultaneous absorption of two photons of the same or different energy and corresponds to the emission of a photon of energy higher than that of the absorbed photons [24] . The illustration of TPEF spectra along with respective images are presented in Figs. 4-6 . The use of a near-IR as excitation source ( $ 706 nm) would reduce the unwanted scattering effect, whereas an extremely short pulse ($80 fs) facilitates simultaneous absorption of near-IR photons. The high power and short pulses of the laser source enforce the PbS nanoparticles to capture several photons simultaneously. The TPEF spectrum shows two distinct emission features. The first one is sharp, relatively symmetric, and peaking at $466 nm with a full-width at half-maximum (FWHM) of $0.408 eV and is ascribed to the band-edge emission [25] . In a typical fluorescence activation process, the band-edge emission peak corresponds to the highest energy [26] . The second band within 516.5-665.5 nm is a broad and asymmetric and represents defect-related emission. The surface traps on the nanoparticles would act as the nonradiative centers for subsequent retrapping and recombination emission. They supply some virtual intermediate (trap) states which could facilitate two photon emissions [27] . The asymmetry nature of the broadband could have arisen for one or more reasons, e.g., unequal energy spacing between subsequent surface traps within the forbidden energy gap [28] , unequal probability of the radiative process via nonradiative pathways, and similar reasons based on size dependent effects.
The high resolution TPEF images are shown in Fig. 6 , in which each of the images corresponded to the emission response of PbS nanoparticles, owing to the laser scanning area of 1 Â 1 mm 2 at a designated wavelength. The first set of images [see Fig. 6(b) -(e)] are related to the near band-edge emission events. Referring to Fig. 4 , the TPEF response is found to be weaker at the bottom and base parts [see Fig. 6(a), (b) , and (f)] than the upper parts of the main peak [see Fig. 6(c), (d) , and (e)]. Owing to the low scattering events of IR photons compared with the UV photons, use of IR photons is expected to provide high resolution imaging with adequate reproducibility, keeping the sample quality intact. In addition, they require higher damage threshold in a given focal volume of the specimen. In fact, the probability of fluorescence emission of inorganic fluorophor increases quadratically with the excitation intensity. With the average laser power of 400 mW and the beam diameter of $1:2 m, the incident power received at the sample was estimated to be $0:0354 GW/cm 2 . The laser wavelength was stabilized at 706 nm, and a pulse of duration Át % 80 fs with a repetition rate of 80 MHz was used in the experiment, and therefore, every pulse was carrying as large as $1:15 Â 10 14 photons altogether [29] . Such an intense beam would largely facilitate two photon absorption events. In a temporal overlap region of two pulses, the fluorescence will be much stronger over the FWHM rangeðÁz TPFÀFWHM Þ and Áz ¼ c ffiffiffi 2 p Át , where c is the velocity of light [30] ; in this case, Áz is found to be $29:6 m. Effectively, the probability of simultaneous photon absorption condition is adequately provided to each of the PbS nanoparticles.
Further, for nonlinear optical studies, we ensured that the experiment was performed in the safelimit of the PbS system. The energy carried by each pulse ð$3:2 Â 10 À14 JÞ is relatively smaller than the critical value of the damage threshold energy ðE th ¼ 353:9 Â 10 À14 JÞ for the PbS system, as calculated using following equation [31] : 
Here, is the pulse duration, NA is the numerical aperture, is the laser wavelength, n 0 is the linear, and n 0 2 is the nonlinear refractive indices for PbS [32] , [33] . In order to validate TPEF response of individual or cluster of particles, we calculated the number of isolated spots present in individual images Fig. 6(a)-(k) . The wavelength versus number of distinct spots is shown in Fig. 5(c) . With a nanoparticle size dispersion $ 4:3 Â 10 11 =cm 2 , and knowing the beam diameter $1:2 m, we predict that each of the pulse would enforce about 4860 particles to participate in the multiphoton absorption process. Since the TPEF signals were obtained by scanning over the sample of area 1 Â 1 mm 2 and because of the fact that closely situated particles correspond to the interfering fluorescence, a maximum number of 630 impressive spots, corresponding to em ¼ 456:5 nm, was observed [see Fig. 6(d) ]. We argue here that each bright spot could be as a result of collective TPEF signals generated from many closely spaced independent PbS nanoparticles existing in assemblies. Depending on the arrangement and geometry of a particular assembly, we notice spots of varying shape. The shape-asymmetry varies from oblate to triangular and rectangular to spheroidal, depending on the distribution of the constituent PbS nanoparticles in a given organization. Note the nonoverlapping chain-like distribution of spots and definite chain-like particle organization, as is evident in TEM studies. It is, therefore, ascertained that each of the isolated PbS nanoparticles within an organization is capable of fluorescing independently. The faint spots can be ascribed to the nanoparticle emission response in underneath planes. The two photon emission response, corresponding to ¼ 456:5 nm, is characterized by the maximum number of spots which gradually decreases with increase in wavelength. Referring to the second band of the TPEF [see Figs. 4 and  5(c) ], the number of spots observed has decreased from nearly 315 to 200 within an emission wavelength range 516.5-666.5 nm. It is possible that the closely spaced PbS nanoparticles within an organization (with spacing close to the lattice parameter) are losing energy initially through the nonradiative pathways and, finally, by abrupt emission of photons [see Fig. 6(g)-(k) ] [34] . Owing to the large surface-to-volume ratio of the ultra small PbS nanoparticles ($5 nm), within organizations, there is a significantly higher probability of trap-related emissions compared with the band-edge emission, which is why we notice prominent TPEF signals in the former case.
Further along the forward direction, the encapsulated PbS nanoparticles are capable of producing significant second harmonic signals ð ¼ 352 nmÞ. We know that the efficiency of SHG depends on the phase matching condition (Ák ¼ 0, k being the propagation vector) [35] , which is related to the phase coherence length L c given by
In our experiment, taking n The last image of Fig. 6 [labeled as (l)] represents SHG image obtained from the same PbS specimen. It depicts distribution of intense spots corresponding to the light emission feature of the isolated PbS nanoparticles, at half-wavelength (i.e., 353 nm) of the pump beam, and obtained along the forward direction. In addition, the TPEF is an incoherent process which can be observed in both the centrosymmetric and noncentrosymmetric systems and describes specific anisotropy, depending on the symmetric nature of the medium, whereas SHG is the signature of a crystalline noncentrosymmetric phase with a sensitivity down to several nanometer scale [38] . Due to incoherent radiation nature of TPEF process, we could obtain signals from the PbS nanoparticles over a large spectral range up to 670 nm with relevant imaging in the symmetric band-edge regime. The trap-related emission is associated with the nonradiative centers with uneven energy spacing and, hence, is observed as a broad asymmetric emission in the larger wavelength regime.
In case of SHG image, the number of spots (each corresponding to a nanoparticle assembly) is calculated to be 315, and the total number of nanoparticles is close to that were excited all at once by the ultra small laser pulse. A close look on the SHG image tells us that there is an impression of stretched bright spots that could be aroused due to temporal overlapping of single wavelength emission response from the adjacent nanoparticles. As the acetonitrile-treated $5 nm quasispherical particles can undergo surface charge oscillation under the influence of an intense emfield, there could be appreciable displacement of atoms that constitute a molecular solid. A slightest departure from the rock-salt symmetry allows the system to behave as noncentrosymmetric one. In other words, ultra small size, departure from the perfect spherical shape, and the use of an intense em-field along with surface treatments play major roles in inducing noncentrosymmetricity. As a result, isolated nanoparticles could display substantial SHG signals. Furthermore, PbS has a relatively higher refractive index value ðn PbS ¼ 4:5Þ compared with the host polymer matrix ðn PVA ¼ 1:3Þ. Therefore, the materials will respond differently to the incident light, as per the equation I ¼ P=A ¼ ðn 0 =2 0 cÞ E 2 with symbols have their usual meanings [39] . The situation can be equivalent to the case of presence of a dielectric sphere in a uniform electric field. Under the influence of a transient em-field, the interface separating the two media has a large field gradient ð$ 9:3 Â 10 6 V/cmÞ, leading to the formation of dipoles on the surfaces of the PbS particles [40] . These dipoles would oscillate in such a way that the polarization so induced can vary with the applied field in a nonlinear way. Recently, strong Kerr signals as a result of transient anisotropy in a dispersed nanoparticle system have been reported by our group [41] . It was suggested that the even the lowpower lasers could result in induced polarization that can lead to a transient anisotropy in the individual nanoparticles. In contrast, high power pulsed lasers are more promising for generating and detecting second harmonic signals when ideal conditions are met. Quantum dots were introduced to cell biology as alternative fluorescent probes in recent years. Earlier, PbS nanocrystals entrapped in the hollow core of apoferritin protein cages ensured the development of near-IR fluorescent composites [42] . Similarly, the use of PbS quantum dots as bioconjugates for near-IR contrast agents for targeted molecular imaging with expanded emission wavelengths beyond 1 m has also been reported [43] . In this context, our TPEF and SHG results on PbS nanoparticles can be promising for imaging tissues, infected cells, and other such biological specimens.
Conclusion
We have shown that the acetonitrile-treated PbS nanoparticles could lead to chain-like ordering. The photoluminescence study through simultaneous photon absorption events reveals intense emission at $466 nm, depicting band-edge emission. Further, detectable TPEF and SHG signatures were witnessed for the synthesized nanoparticles. Each of the asymmetric spots obtained in the nonlinear optical imaging could have been aroused due to the interfering emission response of the closely spaced particles that exist in a given geometry. The TPEF spectra observed by us at room temperature open up the possibility of imaging and sensing nonfluorescent biomolecules that could make effective binding with such nanoparticles. Imaging by nonlinear spectroscopy can help in understanding the structure, organization, and conformational dynamics of the bioconjugates with high specificity. Consequently, more experiments on selective nanobioconjugate systems are necessary to substantiate two photon and multiphoton absorption events, with due emphasis on nanoparticle size-dependent processes.
